Neuroactive steroids are potent modulators of ␥-aminobutyric acid type A receptors (GABA ARs), and their behavioral effects are generally viewed in terms of altered inhibitory synaptic transmission. Here we report that, at concentrations known to occur in vivo, neuroactive steroids specifically enhance a tonic inhibitory conductance in central neurons that is mediated by extrasynaptic ␦ subunit-containing GABAARs. The neurosteroid-induced augmentation of this tonic conductance decreases neuronal excitability. Fluctuations in the circulating concentrations of endogenous neuroactive steroids have been implicated in the genesis of premenstrual syndrome, postpartum depression, and other anxiety disorders. Recognition that ␦ subunit-containing GABAARs responsible for a tonic conductance are a preferential target for neuroactive steroids may lead to novel pharmacological approaches for the treatment of these common conditions. hippocampus ͉ cerebellum ͉ neurosteroids ͉ inhibitory postsynaptic currents ͉ ␦ knockout mice G ABA A Rs (␥-aminobutyric acid type A receptors) are pentameric proteins that form Cl Ϫ -permeable ion channels activated by the neurotransmitter GABA. To date, 19 mammalian GABA A subunit isoforms have been identified, and these assemble to produce the dozen or so different receptor subtypes most frequently found in the brain (1). The most potent positive endogenous modulators of GABA A R function are the 3␣-hydroxy ring A-reduced pregnane steroids, that have sedativehypnotic, anticonvulsant, and anxiolytic effects (2-4). Severe mood disorders that can occur during the menstrual cycle and after pregnancy are suggested to involve alterations in the function of synaptic GABA A Rs (2, 3, 5) triggered by rapid decreases in the concentrations of these progesterone-derived neuroactive steroids (6).
G
ABA A Rs (␥-aminobutyric acid type A receptors) are pentameric proteins that form Cl Ϫ -permeable ion channels activated by the neurotransmitter GABA. To date, 19 mammalian GABA A subunit isoforms have been identified, and these assemble to produce the dozen or so different receptor subtypes most frequently found in the brain (1) . The most potent positive endogenous modulators of GABA A R function are the 3␣-hydroxy ring A-reduced pregnane steroids, that have sedativehypnotic, anticonvulsant, and anxiolytic effects (2) (3) (4) . Severe mood disorders that can occur during the menstrual cycle and after pregnancy are suggested to involve alterations in the function of synaptic GABA A Rs (2, 3, 5) triggered by rapid decreases in the concentrations of these progesterone-derived neuroactive steroids (6) .
Recently, it has become apparent that distinct GABA A Rs participate in two types of inhibitory control. Transient activation of synaptic GABA A Rs is responsible for conventional phasic inhibition, whereas the continuous activation of extrasynaptic GABA A Rs can generate a form of tonic inhibition (7) (8) (9) (10) (11) (12) (13) (14) . GABA A Rs containing the ␦ subunit are restricted to extrasynaptic locations (15) and have an unusually high affinity for GABA (16, 17) , making them likely mediators of the tonic GABA A conductance recorded in both cerebellar (7, 8) and dentate gyrus granule cells (DGGC) (10, 11) . In mice lacking the ␦ subunit of the GABA A R, the effects of neuroactive steroids are greatly reduced (18) . Moreover, recent reports (17, 19, 20) have raised the possibility that the steroid sensitivity of ␦ subunitcontaining GABA A Rs may be much higher than previously thought (21) . In light of these findings, and the possible involvement of ␦ subunit-containing receptors in generating tonic conductances (8) (9) (10) (11) , we recorded from wild-type and ␦Ϫ͞Ϫ mice, and examined the effects of the naturally occurring neuroactive steroid 3␣,21-dihydroxy-5␣-pregnan-20-one (allotetrahydrodeoxycorticosterone, THDOC) on the tonic GABA A R-mediated conductance present in DGGC and cerebellar granule cells (CGC), two cell populations known to be rich in the ␦ subunit (22, 23) .
Materials and Methods
Slice Preparation and Electrophysiology. We used 110 male mice (30-181 days old): 40 C57BL͞6J mice, 32 ␦Ϫ͞Ϫ mice, and 38 wild-type littermates. The ␦Ϫ͞Ϫ mice were bred at the University of California, Los Angeles, Division of Laboratory Animal Medicine. Heterozygous (␦ϩ͞Ϫ) breeding pairs (C57BL͞6J ϫ 129Sv͞SvJ) were donated by G. Homanics (Univ. of Pittsburgh, Pittsburgh), and ␦ϩ͞Ϫ breeding pairs (C57BL͞6J) were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were anesthetized with halothane according to a protocol approved by the University of California, Los Angeles, Chancellor's Animal Research Committee. The brains were removed and placed in ice-cold artificial cerebrospinal fluid containing 126 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1-2 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 10-25 mM D-glucose (pH 7.3-7.4 when bubbled with 95% O 2 and 5% CO 2 ).
Whole Cell Recordings. Recordings were made from visually identified neurons at 33-35°C in coronal hippocampal slices (350 m) at V h ϭ Ϫ60 mV with an artificial cerebrospinal fluid containing 3-5 mM kynurenic acid and the anti-GABA transporter 1 (GAT-1) GABA transporter blocker NO-711 (10 M) (11) and in parasagittal cerebellar slices (150-250 m) at 20-22°C at V h ϭ Ϫ70 mV. Electrodes (5-8 M⍀) were filled with 140 mM CsCl, 1 mM MgCl 2 , 10 mM Hepes, and 4 mM Na-ATP (pH 7.25, 280-290 mosmol). D-AP5, SR95531, and THDOC (Sigma) were added to the external solution as indicated. Extracellular Field Recordings. In artificial cerebrospinal fluid containing 5 M GABA, field potentials simultaneously recorded in the dentate gyrus molecular layer and in the striatum radiatum of the CA1 were evoked (paired pulses 20 ms apart, 0.05 Hz) by stimulating the medial perforant path and the Schaffer collateral͞commissural pathway, respectively. Bipolar electrodes delivered a constant current stimulus (A365, WPI Instruments, Waltham, MA). At a stimulus width (W) of 60 s, the intensity was increased until a threshold response was collected over a 10-min stable baseline. The W was then varied (PG4000, Neurodata, Cygnus Technologies, Scottsdale, AZ) to This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: GABAA, ␥-aminobutyric acid type A; GABAAR, GABAA receptor; DGGC, dentate gyrus granule cells; THDOC, 3␣,21-dihydroxy-5␣-pregnan-20-one; CGC, cerebellar granule cells; IPSC, inhibitory postsynaptic current; sIPSC, spontaneous IPSC; RT, rise time; fEPSP, excitatory field potentials.
create stimulus-response curves by delivering two stimulation trials (10 stimuli each) with W from 20 to 240 s (20-and 40-s increments). After the control trial, THDOC (10 nM) was perfused for 20 min before generating a second pair of stimulusresponse curves.
Results
Brain and plasma neurosteroid concentrations reflect the animal's physiological state (24, 25) . For THDOC, recent estimates of the basal plasma concentration in male rats range from Ϸ5 to 8 nM (26) (27) (28) , to nearly 20 nM after acute swim stress (26) . As shown in Fig. 1 , concentrations of THDOC as low as 10 nM significantly potentiated the tonic conductance in both DGGCs and CGCs. Adult male mice were used to eliminate developmental and͞or gender bias. In both DGGCs ( Fig. 1 A and C) and CGCs ( Fig. 1 D and F) the tonic conductance was nearly doubled by 10 nM THDOC (43.8 Ϯ 10.8 pS͞pF to 86.2 Ϯ 11.2 pS͞pF, n ϭ 6 DGGCs; and 49.7 Ϯ 7.5 pS͞pF to 94.5 Ϯ 14.2 pS͞pF, n ϭ 5 CGCs; both P Ͻ 0.05 paired t test). At this low concentration, THDOC failed to affect the 10-90% rise times (RT), peak amplitudes, or decay kinetics ( 1, 2, A 1 , A 2 ) of spontaneous IPSCs (sIPSCs) in either DGGCs or CGCs ( Fig. 1 B and E) . Accordingly, in 10 nM THDOC, the average charge transfer through individual sIPSCs was unaffected in both DGGCs ( Fig.  1C ; 282 Ϯ 14 fC in control versus 313 Ϯ 24 fC in THDOC; n ϭ 6, P Ͼ 0.05 paired test) and CGCs ( Fig. 1F ; 122 Ϯ 14 fC versus 134 Ϯ 9 fC; n ϭ 3, P Ͼ 0.05 paired t test). Likewise, the 10-90% RT (385 Ϯ 49 s, 379 Ϯ 39 s), peak amplitudes (43.6 Ϯ 4.5 pA, 49.5 Ϯ 2.9 pA), and decay kinetics of sIPSCs ( w 4.2 Ϯ 0.3 ms, 4.2 Ϯ 0.4 ms) recorded in DGGCs in the absence of NO-711 were unaffected by 10 nM THDOC (n ϭ 4), indicating that NO-711 (either directly, or by elevating the ambient GABA) was not responsible for masking any effects of the neurosteroid on IPSCs.
The concentration-dependent enhancement of the tonic conductance by THDOC is shown for DGGCs in Fig. 1 A and C and for CGCs in Fig. 1 D and F . THDOC (100 nM) increased the tonic conductance from 86.7 Ϯ 9.2 pS͞pF to 132.0 Ϯ 17.1 pS͞pF in DGGCs (n ϭ 7; P Ͻ 0.05 paired t test), and from 55.6 Ϯ 10.6 pS͞pF to 142.3 Ϯ 33.5 pS͞pF in CGCs (n ϭ 6; P Ͻ 0.05 paired t test). This concentration of THDOC produced no change in sIPSC 10-90% RT, peak amplitude, or frequency in either DGGCs (n ϭ 3) or CGCs (n ϭ 6). In both cell types, there were rather variable effects on the sIPSC decay. In DGGCs, the slow component ( 2 ) of the decay was prolonged in two cells (Fig. 1B) , and the average charge transfer significantly increased ( Fig. 1C ; 318 Ϯ 59 fC to 499 Ϯ 76; P Ͻ 0.05, paired t test). In CGCs, although the contribution of deacy2 to the sIPSC decay was increased in three cells (Fig. 1E) , overall the average charge transfer was not significantly increased ( Fig. 1F ; 420 Ϯ 78 fC vs. 580 Ϯ 156 fC P Ͼ 0.05). However, in accord with previous data (29), a higher concentration of THDOC (1 M) consistently prolonged the decay of sIPSCs in DGGCs, increasing the average charge transfer by 125 Ϯ 13% ( Fig. 1C ; n ϭ 5, P Ͻ 0.05 paired t test), with no effect on the 10-90% RT or peak amplitude. At 1 M, THDOC also produced an 8-fold increase (n ϭ 6) in the tonic conductance in DGGCs (Fig. 1C) , but this concentration is 10-100 times higher than those found in the brain under various pharmacological treatments or stressful conditions (24, 25) .
Having established that low concentrations of THDOC selectively enhanced the tonic conductance, we next investigated the subunit identity of this continuously active GABA A R population. The tonic conductance is known to be absent in CGCs of mice lacking the ␣6 subunit of the GABA A R (8). However, because of the close partnership between ␣6 and ␦ subunits in CGCs, in ␣6Ϫ͞Ϫ animals these cells also lack ␦ subunitcontaining receptors (30) . Thus, to examine the specific contribution of ␦ subunits to the tonic conductance, we recorded GABA A R-mediated currents in DGGCs and CGCs of ␦Ϫ͞Ϫ mice. Our recordings clearly showed that the tonic GABA A conductance was much reduced in DGGCs and eliminated in CGCs of these mice ( Fig. 2 A, B, and D) . In DGGCs, the tonic conductance was reduced from 86.7 Ϯ 9.2 pS͞pF (n ϭ 7 wild-type littermates, WT) to 15.4 Ϯ 6.7 pS͞pF in ␦Ϫ͞Ϫ mice (n ϭ 7; P Ͻ 0.05). The corresponding change in CGCs was from 98.0 Ϯ 19.1 pS͞pF (n ϭ 19) to 3.2 Ϯ 4.3 pS͞pF (n ϭ 16, P Ͻ 0.05). Moreover, in both cell populations the properties of IPSCs were not significantly different between strains. Thus, in DGGCs the frequency of detectable IPSCs (2.1 Ϯ 0.1 Hz in WT vs. 3.5 Ϯ 0.4 Hz in ␦Ϫ͞Ϫ), their 10-90% RT (211 Ϯ 14 s vs. 224 Ϯ 9 s), peak amplitude (55.8 Ϯ 6.0 pA vs. 48.0 Ϯ 1.9 pA), and w (5.7 Ϯ 0.8 ms vs. 4.5 Ϯ 0.5 ms) were not significantly different (P Ͼ 0.05 for all four parameters; n ϭ 9 for WT and 5 for the ␦Ϫ͞Ϫ). Similarly, there was no significant difference between these measures in CGCs (frequency 0.8 Ϯ 0.2 Hz vs. 0.6 Ϯ 0.2 Hz; RT 961 Ϯ 54 s vs. 944 Ϯ 39 s; peak 32.3 Ϯ 3.3 pA vs.18.5 Ϯ 2.3 pA; w 21.1 Ϯ 2.9 ms vs. 17.1 Ϯ 1.8 ms; P Ͼ 0.05; n ϭ 19 for WT and 15 for ␦Ϫ͞Ϫ). A lack of effect on IPSC properties in ␦Ϫ͞Ϫ mice has previously been reported for CGCs (31) and ventrobasal thalamic neurons (32) . Mihalek et al. (18) also observed no change in the frequency, RT, or amplitude of miniature IPSCs in DGGCs of ␦Ϫ͞Ϫ mice, but did note a small but significant decrease in the 90-37% decay time. Overall, there appears to be no gross alteration in the amount of vesicular GABA released in ␦Ϫ͞Ϫ animals. Therefore, the reduction in the tonic conductance is likely to reflect the loss of ␦ subunit-containing GABA A Rs, which under normal conditions are continuously activated by low concentrations of ambient GABA. In keeping with this idea, administration of a higher concentration of THDOC (100 nM) had no effect on the residual tonic conductance recorded in ␦Ϫ͞Ϫ DGGCs (15.4 Ϯ 6.7 pS͞pF in control vs. 26.0 Ϯ 7.7 pS͞pF in 100 nM THDOC; P Ͼ 0.05, unpaired t test, n ϭ 7) or CGCs (4.3 Ϯ 4.6 pS͞pF in control vs. 15.2 Ϯ 10.2 pS͞pF in 100 nM THDOC; P Ͼ 0.05, paired t test, n ϭ 5) (Fig.  2 B and D) . It is known that THDOC at high concentrations can activate GABA A Rs in the absence of GABA (4, 33, 34) . Its lack of effect in ␦Ϫ͞Ϫ mice suggests that, even at a concentration of 100 nM, the neuroactive steroid does not directly activate any of the remaining GABA A Rs. Finally, although the effect of 100 nM THDOC on the tonic conductance was abolished in ␦Ϫ͞Ϫ mice, a variable prolongation of the sIPSC decay, similar to that seen in wild-type cells, was still observed (Fig. 2 C and E) .
GABA A Rs with ␦ subunits are not the only receptors that can produce a tonic GABA A conductance in central neurons. A tonic conductance can be recorded in CA1 pyramidal cells (10) , a neuronal population not particularly rich in the ␦ subunit (22, 23) . However, the relatively small tonic conductance recorded in these cells (Fig. 3 A and B) was no different in wild-type and ␦Ϫ͞Ϫ mice (16.2 Ϯ 8 pS͞pF, n ϭ 8, vs. 21.3 Ϯ 5.9 pS͞pF, n ϭ 4; P Ͼ 0.05, unpaired t test), indicating that ␦ subunit-containing GABA A Rs do not contribute to this particular tonic conductance. Regardless of the exact subunit composition of the GABA A Rs responsible for this tonic conductance in CA1 pyramidal cells, THDOC (100 nM) was ineffective in enhancing the tonic conductance recorded in wild-type (16.2 Ϯ 8.3 pS͞pF in control vs. 20.5 Ϯ 5.4 in 100 nM THDOC; P Ͼ 0.05 unpaired t test, n ϭ 8 and 9) and ␦Ϫ͞Ϫ animals (21.3 Ϯ 5.9 pS͞pF in control vs. 19.1 Ϯ 7.6 pS͞pF in 100 nM THDOC; P Ͼ 0.05 unpaired t test, n ϭ 4 and 4; Fig. 3 A and B) . At this concentration, THDOC did not produce a significant change in the 10-90% RT (311 Ϯ 30 s, 361 Ϯ 91 s), peak amplitudes (59.9 Ϯ 9.8 pA, 43.1 Ϯ 15.8 pA), or decay kinetics ( w 4.3 Ϯ 0.4 ms, 4.1 Ϯ Fig. 1 A) . The tonic current is smaller than that seen in wild-type mice, and is not increased by 100 nM THDOC (see Fig. 1 A) . (B) Tonic conductance in DGGCs from wild-type (filled bar) and ␦Ϫ͞Ϫ mice (open bars). Note the significant reduction in tonic conductance (asterisk), and the lack of effect of 100 nM THDOC, in ␦Ϫ͞Ϫ mice. (C) Averaged sIPSCs recorded in a DGGC from a ␦Ϫ͞Ϫ mouse, illustrating the effect of 100 nM THDOC. (D and E) Data from CGCs. (Fig. 3C ). These findings demonstrate that in the adult brain the likely site of action for THDOC, at concentrations reported to occur in vivo (24, 25) , is a tonic conductance mediated by ␦ subunit-containing GABA A Rs.
ms) of sIPSCs in CA1 cells (n ϭ 3)
Having established that a low concentration of THDOC specifically modulates the ␦ subunit-mediated tonic conductance, we next measured the effect of the neurosteroid under more physiological conditions. To determine how signal integration is modulated by the THDOC-induced increase in tonic conductance, we recorded excitatory field potentials (fEPSPs) evoked before and after application of 10 nM THDOC in the presence of 5 M GABA (35) . We simultaneously obtained stimulus-response curves for DGGCs and CA1 pyramidal cells. Consistent with the THDOC modulation of the tonic conductance in DGGCs but not in CA1 pyramidal cells, THDOC (10 nM) gradually suppressed dentate fEPSPs evoked by threshold stimulation (60 s at 0.05 Hz; Spearman rank order correlation R s ϭ Ϫ0.70, P Ͻ 0.05, Fig. 4A ), but had no significant effect in CA1 (R s ϭ Ϫ0.17, P Ͼ 0.05, Fig. 4D) . A much clearer effect of THDOC in the dentate gyrus was apparent with larger W stimuli, as shown for representative individual experiments (Fig.  4 C and F) , and for pooled data (Fig. 4 B and E) . In dentate, the average W required to evoke a half maximal response (W 50 ) increased from 121.7 Ϯ 6.3 s in control to 138.7 Ϯ 7.2 s in THDOC (P Ͻ 0.05, n ϭ 4). The field EPSPs recorded at the same time in the CA1 were unaffected by THDOC (average W 50 119.7 Ϯ 7.4 s in control and 110.0 Ϯ 10.4 s in THDOC; P Ͼ 0.05). To examine the possibility that THDOC may have altered other channels, we repeated the dentate experiments in the presence of a specific GABA A R antagonist (SR95531; 50 M). Epileptiform activity was avoided by adding the specific N-
methyl-D-aspartate (NMDA) antagonist (RS)-CPP (25 M).
The effect of THDOC on the stimulus-response curves was completely blocked by SR95531 (average W 50 123.7 Ϯ 11.9 s in control and 125.9 Ϯ 14.6 s in THDOC; P Ͼ 0.05, n ϭ 5). This finding also demonstrates the lack of any time-dependent changes affecting stimulus-response relationships done in succession. Although THDOC does not seem to affect NMDA receptors (36), we performed additional control experiments in the presence of an NMDA antagonist. In 25 M CPP, the effect of THDOC was similar to that seen under control conditions, and the stimulus-response curves were shifted to the right (W 50 was 110.8 Ϯ 3.3 s in control and 124.4 Ϯ 4.1 s in THDOC; P Ͻ 0.05, n ϭ 4). Therefore, as predicted by our conductance measurements, 10 nM THDOC acts on ␦ subunit-containing GABA A Rs to reduce the excitability of DGGCs.
Discussion
Our results demonstrate that ␦ subunit-containing GABA A Rs are activated by ambient GABA, giving rise to a tonic conduc- tance in both DGGCs and CGCs. We also show that physiological concentrations of neurosteroids selectively enhance this conductance and thereby modulate the excitability of specific neuronal populations. Few previous studies have described effects on GABA A Rs of physiologically relevant concentrations of neurosteroids. Low nanomolar concentrations of THDOC potentiate GABA responses in ␣1␤2␥2-expressing human embryonic kidney (HEK) cells (33) and produce a small but significant increase in GABA currents of cultured hippocampal neurons (26) . In the latter study, however, a 100% increase in the GABA response was seen only with 150 nM THDOC, a concentration 15 times greater than that required in our study to produce a similar effect on the tonic conductance of DGGCs and CGCs. Thus, in both CGCs and DGGCs, the tonic conductance mediated by extrasynaptic ␦ subunit-containing GABA A Rs is highly THDOC-sensitive. Recent studies on recombinant receptors show that a high sensitivity to neurosteroids is conferred by the ␦ subunit (17, 19, 20) . Hence, the selectivity of THDOC observed in the present study likely reflects different properties of synaptic and extrasynaptic receptors that also experience different GABA concentrations. Other factors such as phosphorylation state may also play a role in the sensitivity of GABA A Rs to steroids (37) . Theoretical considerations suggest that, under a variety of plausible conditions, GABA transporter stoichiometry determines a lower limit to the concentration of extracellular GABA in the submicromolar to low micromolar range (38, 39) , in reasonable agreement with in vivo measurements (40) (41) (42) . Receptors containing the ␦ subunit have a high affinity for GABA (16, 17) and display limited desensitization (43, 44) , allowing them to be persistently activated by the low concentration of ambient GABA. Although steroids can enhance desensitization of ␦ subunit-containing receptors (44) , such an effect did not mask the potentiation of the tonic inhibition even by relatively high concentrations of THDOC. In rat CGCs, a recent study (9) found only a modest potentiation (35%) by 100 nM THDOC of the tonic GABAmediated conductance, labeling it as ''neurosteroid insensitive.'' The greater THDOC modulation seen in the present study could reflect species and͞or gender differences (male mice vs. rats of both sexes), but our data agree with the emerging view that ␦ subunit-containing receptors are sensitive to neurosteroids, which act to increase the efficacy of GABA at these receptors (17, 19, 20) .
Our recordings from ␦Ϫ͞Ϫ mice suggest an important role for ␦ subunit-containing GABA A Rs in mediating the tonic conductance in both DGGCs and CGCs, but the role of potential compensatory changes in other GABA A R subunits may need to be considered in the null mutants. Consistent with the loss of ␦-containing receptors, tissue from ␦Ϫ͞Ϫ mice (18) shows reduced high-affinity [ 3 H]muscimol binding both in the cerebellum and the forebrain (45) , but in extracerebellar regions normally expressing ␦ subunits, ␣4 subunits are reduced and ␥2 subunits are increased (23, 45) . The cerebella of ␦Ϫ͞Ϫ mice show a similar increase in ␥2 subunits, but no change in ␣6 subunits, whose partnership with ␦ subunits is not obligatory (46) . [ 3 H]Ro15-4513 binding to benzodiazepine sites in the cerebellum and forebrain is increased in ␦Ϫ͞Ϫ mice, consistent with an augmented assembly of ␥2 subunits with ␣6 and ␣4 subunits (47) (48) (49) . Our findings indicate that such compensatory changes in receptor composition are not capable of sustaining any THDOC-sensitive tonic conductance in DGGCs or CGCs of ␦Ϫ͞Ϫ mice.
Immunocytochemical studies suggest that ␦ subunitcontaining GABA A Rs, although present in the extrasynaptic membrane of CGCs and DGGCs, may not be present at synapses (15, 50) . The extrasynaptic location of these receptors is thought to reflect the mutual exclusion of ␦ and ␥ subunits from the receptor assembly (1) and the apparent requirement of a ␥ subunit for synaptic clustering of some GABA A Rs (51) . This scenario would favor a selective action of neurosteroids on receptors normally activated in a paracrine fashion by low concentrations of ambient GABA. However, when release is triggered from multiple sites, extrasynaptic ␦ subunit-containing GABA A Rs may be activated in a phasic manner by the spillover of GABA from the synaptic cleft. This could explain the reported sensitivity of stimulus-evoked GABA A R-mediated IPSCs to 100 nM THDOC in rat CGCs (9) . On the other hand, the action of higher concentrations of THDOC on the decay of sIPSCs in CGCs and DGGCs most likely reflects modulation of synaptic GABA A Rs lacking the ␦ subunit. Nevertheless, at both low and high THDOC concentrations, an increase in the GABA A R-mediated tonic conductance appears to be the principal effect of neurosteroids in both DGGCs (Fig. 1C) and CGCs (Fig. 1F) . Thus, these extrasynaptic ␦ subunit-containing GABA A Rs represent a novel site of action for neurosteroids in the adult brain. Recent reports identify these receptors as selectively modulated by low concentrations of ethanol (52, 53) , highlighting a possible locus for interactions between neuroactive steroids and alcohol.
In DGGCs and CGCs, tonic inhibition is mediated by ␦ subunit-containing GABA A Rs, but these receptors are not unique in generating GABA-evoked tonic conductances in central neurons. A tonic GABA A R-mediated conductance is present in CA1 pyramidal cells, which do not express ␦ subunits, but this conductance is not sensitive to 100 nM THDOC. In these neurons, ␣5 subunit-containing GABA A Rs are found extrasynaptically (54), but their sensitivity to neurosteroids remains to be determined. A tonic GABA-mediated conductance is present in hippocampal interneurons (14) , but the subunit composition of the underlying receptors is unknown.
We have shown how neurosteroids, by enhancing a tonic conductance mediated by ␦-containing GABA A Rs, can alter neuronal excitability. Both theoretical (55) and experimental (7) (8) (9) studies have demonstrated that a tonic conductance, as described here, produces a shunting inhibition that is capable of affecting neuronal excitability and gain control (56, 57) . In the dentate gyrus and the CA1 region, we used extracellular field recordings to assay population responses without perturbing individual cell excitability. Under these conditions, a physiological concentration of THDOC selectively decreased excitability in the dentate. This effect of THDOC was not mediated by nicotinic acetylcholine receptors (58), voltage-gated Ca 2ϩ currents (59), or 1 receptors (60), all of which have been suggested as sites of action for 3␣-hydroxy ring A-reduced pregnane steroids. The lack of an effect of physiological concentrations of THDOC on fEPSPs in the presence of SR95531 identifies GABA A Rs as the exclusive site of action for THDOC. Given our results from whole-cell recordings in wild-type and ␦Ϫ͞Ϫ animals, the effect of THDOC on cellular excitability can be attributed to an action on GABA A Rs containing ␦ subunits. By enhancing tonic inhibition, physiological concentrations of THDOC produced a reduction of the fEPSP slope of similar magnitude to that seen during long-term depression (61) .
We propose that the anxiolytic, anticonvulsant, and sedative effects of neuroactive steroids may reflect actions on tonic inhibition generated by ␦ subunit-containing GABA A Rs, found not only in the cerebellum and hippocampus, but also at high levels in thalamus, striatum, and all layers of the cortex (22) . Chronic in vivo administration and withdrawal of progesterone, which mimics hormonal changes seen during the menstrual cycle (6) , increases the expression of ␣4␤␦ GABA A Rs (52) . Consequently, drugs interacting with ␦ subunit-containing GABA A Rs may provide novel pharmacological treatments for a variety of conditions, such as premenstrual dysphoric syndrome and cata-menial epilepsy, which have been related to alterations in the circulating levels of neuroactive steroids (2) (3) (4) (5) . The loss of this neuroactive steroid target could also explain some of the multiple neurological and psychiatric anomalies seen in patients with the 1p36 deletion syndrome, a chromosomal deletion that includes the ␦ subunit of the human GABA A R (62) .
